We demonstrate carbon nanotube ͑CNT͒ composite-based optoacoustic transmitters that generate strong and high frequency ultrasound. The composite consists of CNTs grown on a substrate, which are embedded in elastomeric polymer used as an acoustic transfer medium. Under pulsed laser excitation, the composite generates very strong optoacoustic pressure: 18 times stronger than a Cr film reference and five times stronger than a gold nanoparticle composite with the same polymer. This enhancement persists over a broadband frequency range of up to 120 MHz and is confirmed by calculation. We suggest the CNT-polymer composites as highly efficient optoacoustic transmitters for high resolution ultrasound imaging. © 2010 American Institute of Physics. ͓doi:10.1063/1.3522833͔
Laser-induced ultrasound generation is an effective way to make high frequency ultrasound transmitters by exploiting the high frequency spectra of laser pulses to achieve broad acoustic bandwidths. Typically, such transmitters are made of light-absorbing thin films containing specific structures designed to have high optical absorption that are capable of efficient optoacoustic conversion, for example, thin metal, 1 dye-doped polymer composites, 2, 3 and two-dimensional ͑2D͒ gold nanoparticle ͑AuNP͒ arrays. 4 They are often integrated with optical interferometric detectors ͑e.g., FabryPérot etalon͒ 5 to make all-optical ultrasound transducers working over broadband and high frequency in 2D array platforms. In these arrays, the size of each element was determined by the spot size of the focused laser beam that is of the order of several microns.
Thin metallic coatings on solid substrates are suitable as a common reference material for qualifying the performance of optoacoustic transmitters. 1, 2 While these thin films ͑Ͻ1 m͒ can be used as high frequency ultrasound sources their optoacoustic conversion efficiency is poor mainly because of the low thermal expansion. Also, a significant percentage of light is reflected back from the film surface.
As large thermal expansion is desirable for strong pressure generation, an elastomeric polymer, polydimethylsiloxane ͑PDMS͒, has been used as an acoustic transfer medium to interface with light-absorbers. [2] [3] [4] [5] A composite film of PDMS with carbon black as a light-absorber has shown nearly 20 dB improvement in optoacoustic signal strength as compared to a reference Cr film alone. 2 However, high frequency response was severely limited due to the composite film thickness ͑ϳ25 m͒ due to the acoustic attenuation. This is a serious issue because high frequency performance is vital for optoacoustic transmitters. Moreover, it is challenging to obtain uniform mixing and dispersion of carbon black particles in the PDMS matrix. Agglomeration of carbon black can cause uneven light absorption within the same film. Significant progress has been recently made using a planar array of AuNPs with an overlying PDMS layer of several microns. 4 High frequency output was improved by ϳ5 dB over 70-100 MHz as compared with those carbon black-PDMS composites. However, the overall pressure strength was compromised because the optical absorption in the AuNP is usually lower than that in the carbon black-PDMS composite. In addition, the AuNP has a lower damage threshold ͑ϳ1 / 6͒ than the carbon black-PDMS composite, which limits the ultimate attainable pressure. 3, 5 Carbon nanotubes ͑CNTs͒ are known to efficiently transform absorbed light into thermal energy, 6 which is attractive for optoacoustic generation. For example, CNTs conjugated with peptides have been used as high contrast optoacoustic agents for tumor imaging in living mice. 7 However, CNTs have not been exploited as optoacoustic transmitters for ultrasound imaging.
More importantly, CNTs have not been demonstrated as high frequency ultrasound sources. The CNTs are very attractive for high frequency ultrasound generation due to the following advantages. Their nanoscale dimension inherently allows fast heat transition to the surrounding medium. This heat transfer can occur of the order of nanoseconds to the surrounding water as thermal diffusion time decreases approximately with d 2 / 16, considering a CNT to be a solid cylinder having diameter d surrounded by a medium with thermal diffusivity . 8 This becomes a crucial motivation of efficient generation of high frequency ultrasound. While this dimensional feature is shared with other metallic nanoparticles, 9 the CNTs have extraordinary thermal conductivity ͑20-30 times larger than that of typical metal͒ facilitating heat conduction within the structure. 10 We demonstrate the use of CNTs as optoacoustic transmitters for strong and high frequency ultrasound generation. A CNT-PDMS composite was made by growing multiwalled CNTs on a fused silica substrate, followed by the spincoating of PDMS. The output pressure of the CNT-PDMS a͒ Author to whom correspondence should be addressed. Electronic mail: guo@umich.edu.
composite was compared to a bare Cr film and a planar AuNP array. We obtained Ͼ25 dB stronger pressure in the composite film than in the Cr reference. A frequency-domain analysis shows that the CNT-PDMS composite exhibits excellent optoacoustic conversion that closely follows the spectrum of the laser pulse used for excitation. We note that the CNT density is uniform on the growth substrate, which gives uniform density in the composite.
A 6 ns pulsed laser beam with 532 nm wavelength ͑Sure-lite I-20, Continuum, Santa Clara, CA͒ was used for optoacoustic generation. We used an optical microring ultrasound detector to characterize broadband and high frequency optoacoustic signal. 11 The pulsed laser beam was directly irradiated onto the transparent substrate with 3 mW/ cm 2 intensity. 12, 13 This beam size is 200 times larger than the diameter of the microring detector and 14 times larger than the distance between the sample and detector ͑ϳ1.4 mm͒. Therefore, the acoustic wave incidence onto the microring detector satisfies a plane wave configuration. This arrangement minimizes diffraction-induced errors, and the temporal waveforms of the acoustic pulse replicate the laser pulse shape.
14 Figure 1 shows scanning electron microscopy ͑SEM͒ pictures for the fabricated samples of the CNT-PDMS composite and the AuNP array before PDMS coating. A 100 nm thick Cr film was used as a reference. The multiwalled CNTs were grown on a fused silica substrate coated with a catalyst layer of Fe ͑Ϸ1 nm thickness͒. 15 Then, the as-prepared CNTs were spin-coated with PDMS which has a modified composition to enhance the elastic modulus. 16 The cross-sectional view confirms that the CNT strands are dense near the substrate. The planar AuNP array in Fig. 1͑c͒ was fabricated by using a metal transfer method onto the fused silica substrate. 17 The dimension of a single AuNP is about 110 nmϫ 110 nmϫ 30 nm. The AuNP array was spincoated with an 800 nm thick PDMS layer. Figure 2 shows the output pressure waveforms generated from the three samples under the same laser fluence. Each curve was obtained by averaging 200 waveforms. The signal amplitude from the CNT-PDMS composite film shown in Fig. 1͑b͒ was 18 times ͑25 dB͒ stronger than that of the Cr and five times ͑14 dB͒ stronger than that of the PDMScoated AuNP array. The CNT-PDMS film had 80% light extinction ͑mostly absorption+ slight scattering͒. The strong pressure originates from the high optical absorption and consequent heating of the CNTs, and the large thermal expansion of the PDMS. The pressure strength could be further enhanced by growing denser CNTs to increase optical extinction, which can approach up to 100%. However, we found that the dense CNTs increase the film thickness ͑Ͼ5 m͒, causing significant attenuation of high frequency ultrasound. We chose the composite film of 2.6 m for measurement, which has sufficiently high optical absorption ͑ϳ80%͒ for strong pressure generation and efficient high frequency performance. The AuNP array in this measurement had 33% light extinction. Even if the AuNPs can be designed to have an equal level of optical extinction to CNTs ͑e.g., nanorods 9 ͒, the pressure will only be improved by 2.4 times assuming a linear relationship between light extinction and pressure strength.
Next, we investigate the frequency-domain performance of the CNT-PDMS composite optoacoustic transmitter over broadband frequency. Based on the measured waveforms in Fig. 2 , we obtained the corresponding frequency spectra as shown in Fig. 3͑a͒ . The spectra of the three types of optoacoustic transmitters were normalized to the maximum value ͑low frequency asymptote, i.e., dc value͒ from the CNT-PDMS composite. It is shown that the magnitude of the frequency spectrum of the CNT-PDMS composite has a 25 dB enhancement relative to the Cr reference, and this enhancement persists up to 120 MHz.
The high frequency efficiency of each optoacoustic transmitter was also investigated by comparing the frequency spectra to the laser pulse spectrum, as shown in Fig. 3͑b͒ . Each spectrum was normalized to its dc value. The laser pulse spectrum was directly measured by the photodetector. Ideally, the optoacoustically generated ultrasonic wave should replicate this frequency spectrum exactly. As shown in Fig. 3͑b͒ , the frequency spectrum of the CNT-PDMS composite closely follows that of the laser pulse. It is shown as even better than the Cr film, which is already a good high frequency source, as the duration of laser pulse ͑6 ns͒ is much longer than the acoustic transit time across the film ͑ϳ0.02 ns͒. This efficient high frequency generation from the composite is due to the fast heat transfer from the nanoscale absorbers to the surrounding media. Note that in these results, we compensated for the acoustic attenuation in water for all frequency spectra. However, we did not include ͑1͒ attenuation through the PDMS layer, ͑2͒ the frequency response of microring detector, and ͑3͒ the electronic bandwidth of the photodetector ͑3 dB roll off around 125 MHz͒. We confirmed that the acoustic attenuation in the current PDMS film without the CNTs is Ͻ0.1 dB/ m at 100 MHz, which is negligible for our evaluation. As the effect of the detector bandwidth is common to all spectra, the relative comparison among them is still valid. Also, the frequency bandwidths of the microring and photodetector are almost flat up to 100 MHz. If we compensate these effects of ͑1͒-͑3͒, the optoacoustic frequency spectra will be even closer to the laser pulse spectrum.
The strong optoacoustic generation in the CNT-PDMS was also confirmed by theoretical calculations. Based on a 1D layered model for optoacoustic generation, 12 we calculated the frequency spectra for the CNT-PDMS composite and the Cr film. For the thermophysical parameters of CNT-PDMS, we took the values of PDMS except for the optical absorption. This is based on the assumption that the acoustic property is dominated by the PDMS matrix. The assumption is reasonable because the CNT strands occupy less than a few percent in volume fraction in the CNT-PDMS composite. As shown in Fig. 4 , the calculation results match well with the experimentally obtained frequency spectra. The optoacoustic pressure enhancement near 25 dB is quite consistent over broadband frequency, which is referred to as the right axis. This agreement between the experiment and the calculation suggests that the CNT-PDMS composite behaves essentially like the polymer but with high optical absorption due to the inclusion of the CNTs.
As confirmed by both experiment and calculation, the optoacoustic frequency spectrum of the CNT-PDMS composite is almost the same as the spectrum of the laser pulse. This implies that the optoacoustic conversion process is frequency independent. This is explained by a localized thermal volume of the optoacoustic sources. 12, 13 Within the PDMS, the thermal penetration depth is less than 40 nm for the duration of the laser pulse. Then, a characteristic volume of thermoacoustic excitation is still close to that of the CNT itself. The PDMS thickness of 1 -2 m does not allow thermal waves to reach to the water-composite interface. As the water is not directly heated, the output signal spectrum is purely contributed by thermoacoustic transients of the CNTs. The laser-induced heating process is essentially instantaneous in the CNTs due to their nanoscale volume and large thermal conductivity. As a result, the optoacoustic transient from the composite should follow that of the laser pulse without distortion caused by the heating of water.
In conclusion, we demonstrated a CNT composite-based optoacoustic transmitter capable of generating strong and high frequency ultrasound. This enhancement persisted from the dc frequency up to 120 MHz was verified by the analytical modeling. We expect that the CNT-PDMS composite can be integrated with optical ultrasound detectors to form alloptical transducers that transmit and receive the original spectrum of a laser pulse with strong amplitude. This work was supported by the NIH under Grant No. EB007619. FIG. 4 . ͑Color online͒ Experimental frequency spectra ͑solid͒ compared with the calculated results ͑dashed͒, which were obtained by using the 1D layered model, following the left axis. The difference in the experimental spectra is shown as pressure enhancement, following the right axis.
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